Objective: Angiotensin-converting enzyme (ACE) insertion/deletion (I/D) polymorphisms are considered biomarkers of late-onset Alzheimer's disease (AD). However, the results of studies of these polymorphisms have been inconsistent. The ACE protein directly degrades beta-amyloid and thereby slows the progression of AD and its onset. However, it also activates the renin-angiotensin-aldosterone system, which can contribute to hypertension and/or cardiovascular events that increase the risk for developing AD. Methods: In this study, we examined the bidirectional association of the ACE gene and AD in patients with AD with and without hypertension. Results: Patients who were clinically diagnosed with AD (n = 983) underwent ACE I/D genotyping. The distribution of the ACE I/D genotypes (P = 0.355 for I/I vs. D/D; P = 0.888 for I/D vs. D/D) and I alleles (P = 0.895) did not significantly differ between hypertensive patients with AD and patients with AD without hypertension. Conclusions: In contrast to traditional theories, the results of this study suggested that the contribution of the ACE gene to the development of AD was not associated with hypertension and similar cardiovascular effects.
Introduction
The angiotensin-converting enzyme (ACE) gene has been carefully studied in the context of late-onset Alzheimer's disease (AD), but the results have been inconsistent [1] [2] [3] , especially in subjects of different races [4, 5] . We have consistently identified an association between ACE insertion/deletion (I/D) polymorphisms and Alzheimer's disease (AD) in the population in Taiwan [6] . The function of the ACE protein is thought to be related to cardiovascular events [7] [8] [9] that contribute to AD, inflammatory processes, oxidative stress, cell growth, matrix deposition, and the interference of acetylcholine release in neurons involved in cognitive processing [10] . In addition, the ACE protein has been shown to degrade beta-amyloid, which is one of the pathological hallmarks of AD [11] , in a cell culture study [12] . These results have suggested that the ACE protein might be beneficial as a treatment for patients with AD [13] . Other cell culture studies have shown that the degradation of beta-amyloid by the ACE protein can be inhibited by captopril, an ACE inhibitor [12, 14] . However, in contrast to these cell culture results, clinical observations have shown that the use of ACE inhibitors decreases the prevalence of AD and improves cognitive function [15, 16] .
In an earlier study, we found that an ACE insertion/ insertion (I/I) genotype was less likely to be observed in patients who had been diagnosed with AD [6] . This finding might be related to a report of lower levels of ACE protein in the renin-angiotensin system in subjects with this genotype [6] , in whom the ACE protein was less likely to promote cardiovascular effects or increase blood pressure [17] . However, the Aβ-degrading effects of the ACE protein might also be reduced by decreased ACE protein levels in the subjects with the ACE I/I genotype. Consequently, the ACE I/I genotype would then contribute to an increased risk for the development of AD. However, the relationship between the ACE I/D genotype and AD remains unclear. The mechanisms that link the ACE gene to AD have been hypothesized to involve an interaction between the renin-angiotensin system and the metabolism of the amyloid precursor protein [17] .
The apolipoprotein E (APOE) gene, which is localized on chromosome 19, consists of three major alleles (ε2, ε3, and ε4). Of these alleles, ε4 has been identified as a genetic risk factor for AD [18] . Carriers of two APOE ε4 alleles (ε4/ε4) have a higher risk of AD [19] . APOE ε4 is considered as a biomarker for the preclinical stage of AD [20] . In 2002, Lange et al. found that a patient's APOE genotype had little effect on their rate of memory decline [21] . However, the results of most research studies have suggested that APOE ε4 is associated with age-related cognitive decline [22] . Although APOE ε4 is generally thought to play a role in the onset of AD, the mechanisms through which it exerts this effect remain unclear.
Two possible mechanisms that might underlie the link between the ACE gene and AD have been proposed. ACE I/D polymorphisms are considered biomarkers of AD because the ACE protein, in association with the ACE I/D genotype, directly degrades beta-amyloid and thereby aids cognitive function in patients with AD. In contrast, ACE activates the renin-angiotensin-aldosterone system (RASS), which leads to hypertension and cardiovascular events and worsens cognition in patients with AD. In this study, we examined the bidirectional association between ACE and AD by assessing the role of ACE I/D polymorphisms in patients with AD with and without hypertension.
Methods

Subjects
In All patients received comprehensive medical evaluations, including clinical history, physical and neurological examinations, brain computed tomography, and blood chemistry examinations, in order to exclude other causes of their current cognitive statuses. The diagnosis of AD was based on the criteria of the "National Institute of Neurological and Communicative Disorders and Stroke" and the Alzheimer's Disease and Related Disorders Association [23] that involve a series of comprehensive neuropsychological tests, including the Mini-Mental State Examination [24] and Clinical Dementia Rating [25] . In the current study, we included patients with Mini-Mental State Examination scores between 10 and 23. Patients with other conditions that might affect their diagnosis of AD were excluded. A self-reported history of hypertension or previous treatment for hypertension were used to diagnose hypertension.
Methods for genotyping
APOE genotyping was performed according to a modification of a previous protocol (Biotage AG, Uppsala, Sweden). Briefly, 10 ng of DNA was amplified in a reaction volume of 20 μL in which deoxyguanosine triphosphate was replaced by a mixture of 25% deoxyguanosine triphosphate and 75% deoxyinosine triphosphate to facilitate the analysis of the GC-rich fragment. A 276-bp fragment was generated with the forward primer AGA CGC GGG CAC GGC TGT and reverse biotinylated primer CTC GCG GAT GGC GCT GAG. Single-stranded DNA was prepared with streptavidin-coated beads, and the APOE gene variants at codons 112 and 158 were pyrosequenced with the primers (SNP112) GAC ATG GAG GAC GTG and (SNP158) CCG ATG ACC TGC AGA with a dispensation order of GCTGAGCTAGCGT.
The detection of I/D polymorphisms of the human ACE gene was performed as described previously [26] . To confirm the genotypes, especially the D/I and D/D genotypes, we performed a second analysis with a protocol described by Lindpainter et al. [27] . Briefly, this method produces 319-or 597-bp polymerase chain reaction fragments in the presence of the D or I alleles, respectively. The polymerase chain reaction fragments were amplified from ~20 ng of each DNA sample that was used as a template in the master mix (Thermo Fisher Scientific, Waltham, MA, USA) and 10 pmol of each of the following primers: CGCGGTACCCTGG AGACCACTCCCATCCTTTCT (ACE sense) and CCGCTCGAGGACGTGGCCATCACATTCGTCAGA (ACE antisense). The thermocycling procedure consisted of denaturation at 94 °C for 30 s, annealing at 56 °C for 45 s, and extension at 72 °C for 2 min, which was repeated for 35 cycles and which was followed by a final extension at 72 °C for 7 min.
Statistics
The data analysis was performed with SPSS (version 12.0.1 for Windows, IBM Corporation, Armonk, NY, USA). All statistical tests were two-tailed, and an alpha of 0.05 was used to indicate significance.
Chi-squared tests were used to examine whether the unadjusted likelihood of AD with hypertension (vs. without hypertension) was associated with the frequency of the three ACE genotypes, at least one APOE ε4 allele, gender, and ACE allele status. T-tests were conducted on the differences in the mean ages and education between the groups. A logistic regression was used to examine whether the ACE genotypes (D/D as the reference) were significantly associated with the presence or absence of hypertension in the patients with AD after adjusting for the effects of gender, age, education, and the presence of at least one APOE ε4 allele [APOE ε4 (+)]. A second logistic regression model was conducted to examine whether the ACE allele (I vs. D) was significantly associated with hypertension status after adjusting for the covariables.
The age at the time of the diagnosis of AD was recorded for all participants as they entered the study. Age and education were treated as continuous variables that increased in 1-year increments. Gender, APOE ε4 (+), and the ACE genotypes were treated as categorical variables.
Results
Of the 983 patients who were clinically diagnosed with AD, 478 from the Taipei Veterans General Hospital, 42 from the Taipei Chang Gung Memorial Hospital, and 463 from the Kaohsiung Medical University Group Hospitals were selected from previous longitudinal studies for inclusion in these statistical analyses. Most these patients, which had a mean ± standard deviation age of 79.0 ± 8.0 years, were female (58%), and most had been diagnosed with hypertension (61.4%).
For the APOE ε4 carriers, 32.7% of the patients with AD had at least one APOE ε4. In the analysis of the ACE I/D genotype, most of the patients with AD were ACE I/I carriers (46.1%) compared to all the other polymorphisms ( Table 1) .
The groups of patients with AD who also had or did not have a diagnosis of hypertension significantly differed in age (P < 0.001) and gender (P < 0.001). Compared to the patients with AD who did not have hypertension, the hypertensive patients with AD were older (79.9 ± 7.2 vs. 77.5 ± 8.9 years) and predominantly female (37.3%) ( Table 2 ). The prevalence of the ACE I/D genotype (P = 0.440) and I allele (P = 0.500) or the number of APOE ε4 carriers (P = 0.889) did not significantly differ between the groups ( Table 2) .
The results of the logistic regression after adjusting for the effects of age, education, gender, APOE ε4 carrier, and ACE genotype or I allele status in the patients with AD with and without hypertension showed that increased age [odds ratio = 1.042, 95% confidence interval = 1.024-1.060, P < 0.001] was significantly associated with hypertension. Compared to female patients, male patients with AD had a lower risk of a diagnosis of hypertension (odds ratio = 0.696, 95% confidence interval I= 0.525-0.921, P = 0.011). The distributions of the ACE I/D genotype (P = 0.355 for I/I vs. D/D; P = 0.888 for I/D vs. D/D) and I allele (P = 0.895) did not significantly differ between the patients with AD with or without hypertension ( Table 3 ).
Discussion
Our results indicated that the effects of the ACE gene on AD were not directly related to hypertension because the effects of the ACE genotypes (P = 0.355 for I/I vs. D/D; P = 0.888 for I/D vs. D/D) and the I allele (P = 0.895) did not significantly differ between the patients with AD according to the presence of hypertension. These findings suggested that the contribution of ACE to the mechanisms underlying AD might not be related to the mechanisms underlying hypertension. In addition, these findings might explain our negative results in the analysis of the association between the ACE genotype and the patients with AD according to their hypertension status. In other words, we have clarified the functional link between ACE and AD in the current study. However, other mechanisms might account for the contribution of the ACE gene to the development of AD. A cell culture study showed that the ACE protein degrades beta-amyloid [14] , which is one of the pathological hallmarks of AD [11] . The degradation of Table 3 The results of the logistic regression after adjusting for the covariables* in the patients with Alzheimer's disease with and without hypertension. [28] . Another cell culture study showed that the insertion (I) allele increases the function of the ACE gene promoter, which thereby enhances the function of the ACE gene and the ACE protein in neuronal cells [28] . The increased function of the ACE protein in neuronal cells might then increase the clearance of beta-amyloid, thereby reducing the risk for AD. The results of these studies have consistently suggested that one possible explanation for the relationship of ACE and the development of AD is through its functions related to beta-amyloid and not through hypertension or cardiovascular effects. Because hypertension does not completely depend on the ACE gene, these interpretations of our results are not absolute. An alternative explanation is that the link between the ACE gene and AD depends mostly on beta-amyloid and only partly on hypertension.
Activation of the RAAS by the ACE gene and ACE protein is one of the established pathogeneses of hypertension that can lead to cardiovascular complications in patients who do not achieve their blood pressure goals. Although hypertension itself has a multifactorial pathogenesis [29] , ACE, as part of the RAAS system, has shown the strongest association with hypertension after adjusting for age, sex, and weight in a genome-wide association study that was conducted in Korea and other countries [30, 31] . A recent genome-wide association study investigating ACE2 polymorphisms among Chinese and Caucasian participants has reported significant associations in women with hypertension or increased diastolic blood pressure [32] .
The significant associations (P < 0.001) between AD and hypertension as well as AD and age that were found in our study also highlight the important issue that the contribution of hypertension to AD could be related to the age period during which the hypertension occurs. This idea has been suggested before. Similarly, midlife hypertension [32] , not late-life hypertension [33] , has been suggested as a risk factor for the development of AD.
Our study had several specific strengths. First, we used 983 patients who were clinically diagnosed with AD, and each participant went through a series of examinations, blood tests, neuropsychological assessments, and brain imaging to ensure diagnostic accuracy and exclude other factors that might affect the diagnosis. Second, clinical observations have found that the ACE gene is associated with AD. Unlike the association studies that examines the association between ACE and AD, we went one step further and examined the possible functions of the ACE gene and its relationship with hypertension and cardiovascular issues in patients with AD. One limitation of this study was that, because many factors contribute to hypertension, the association between AD and hypertension cannot be completely accounted for by the ACE gene. However, the ACE gene is considered a strong risk factor for hypertension [31] [32] [33] . Because the association exists, it can be used as a model to examine the functional link between the ACE gene and AD.
Conclusion
We used a large and well-defined clinical sample to examine and test the association of possible mechanisms that link ACE to AD and provide new findings and considerations. In contrast to established notions, we found that the contribution of the ACE gene to AD was unlikely to be associated with hypertension.
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